Five laboratories participated in a study to evaluate sources of variation in results from an enzyme-linked immunosorbent assay (ELISA) for antibodies against Mycobacterium avium subsp. paratuberculosis. Each laboratory repeatedly tested duplicates of a negative, positive (P), and high-positive (HP) serum sample, which were supplied by the United States Department of Agriculture: Animal and Plant Health Inspection Service: Veterinary Services, National Veterinary Services Laboratories, Ames, IA, on all 96-well microtiter plates when routinely testing other samples for M. avium subsp. paratuberculosis antibodies. These 3 sera were aliquoted and sent to the 5 participating laboratories. This study focused on variation in test results because of assay reagents and laboratory techniques and did not account for biologic variability associated with the time course of infection in cattle. Overall, results from 868 microtiter plates were used in the study. For each sample a sample-to-positive (S/P) ratio was calculated according to the manufacturer's directions. The S/ P ratio for the P sample ranged from 0.06 to 1.039 (mean ϭ 0.466 and 0.484 for wells 1 and 2, respectively) and those for the HP sample ranged from 2.446 to 8.727 (mean ϭ 4.027 and 3.980 for wells 1 and 2, respectively). The majority of the variation in S/P ratio for the P sample was attributed to kit lot (37.5%), followed by random (unexplained) error (27.0%), laboratory (18.3%), and kit lot by laboratory (11.9%). By eliminating plates in which the separation between negative and positive control ODs was less than 0.4, the proportion of variation attributed to laboratory was reduced markedly. These results confirm that there is variability in M. avium subsp. paratuberculosis ELISA results and that several sources contribute to the observed variability. The study gives a relative estimate of the contribution of various sources to the overall variability observed in the M. avium subsp. paratuberculosis ELISA results with kit lot being a primary contributor. Similar data for other ELISA tests for antibodies to M. avium subsp. paratuberculosis or other antigens also should be developed.
Introduction
Infections with Mycobacterium avium subsp. paratuberculosis, the causative agent for Johne disease, is estimated to cost the US dairy industry more than $200 million annually. 5 Association (USAHA) have developed a Voluntary Johne's Disease Herd Status Program to provide a framework in which the states may assist producers in minimizing the risk of introduction of M. avium subsp. paratuberculosis into their herds through purchased replacements. In addition, a Voluntary Johne's Disease Control Program has been outlined to allow producers to embark on a path to reduce or eliminate M. avium subsp. paratuberculosis from their herds. Serologic tests for the detection of antibodies play a significant role in both programs. The National Veterinary Services Laboratories (NVSL), Ames, IA, administers a proficiency test to veterinary diagnostic laboratories annually to support the quality of results generated by each laboratory. The list of approved laboratories is published in the NVSL newsletter and on the USAHA website (http://www.usaha.org). However, despite the existence and use of the laboratory approval process, concerns have been raised by producers, veterinary practitioners, and diagnosticians about the variability in the performance of enzyme-linked immunosorbent assay (ELISA) tests for M. avium subsp. paratuberculosis antibodies conducted in various laboratories.
The sources of variability in the ELISA test may include those associated with an individual laboratory conducting the test (e.g., technician, environment, instrumentation), test kit components (e.g., manufacturing process, storage, and transport), and the immune response of the individual animal being tested. A reproducibility study of 1 commercially available ELISA for M. avium subsp. paratuberculosis was conducted in 8 laboratories soon after the test kit became available in North America. Well-to-well coefficients of variation (CV) were found to be from 5.2% to 29.2%. The day-to-day CV was between 6.5% and 29.1%, 3 and the overall diagnostic classification agreement for the 30 selected samples tested among the 8 laboratories was 97.9%. In another repeatability study of a commercially available ELISA, the range of CV was found to be between 6.1% and 25.2%. 6 An ELISA's ability to detect animals truly infected with M. avium subsp. paratuberculosis varies with the level of fecal shedding. The sensitivity of ELISA (relative to fecal culture) has been reported to be 87% among cattle with clinical Johne disease, 75% in cattle that are high shedders, and 15% in cattle that are low shedders of the organism. 9 In another study, sensitivity of ELISA relative to fecal culture was reported to be higher in herds with a lower number of shedders than those with a higher number of fecal shedders (sensitivity ϭ 57% in herds with Ͻ5% fecal shedders; sensitivity ϭ 33% in herds with Ͼ15% fecal shedders). 8 Testing successive samples from dairy cows can result in a change in their infection status (negative, suspect, positive). 4 For example, in low-prevalence herds, only 30.4% of cows with initial positive results had a positive result on second sampling. Of the cows whose infection status was changed because of retesting, 34.8% moved to either a suspect or a negative status. Another study has evaluated the relationship between the ELISA result and the likelihood of infection using likelihood ratios. 2 It is apparent from this discussion that ELISA results from an individual animal may fluctuate for many reasons. To retain confidence in the ELISA test as a tool for Johne's disease control programs, it is imperative that controllable sources of variation in the test be identified and reduced. The objectives of this study were to document the expected variability in a commercially available ELISA test for M. avium subsp. paratuberculosis antibodies and to identify sources of variability that could be investigated and minimized to improve information returned to producers and veterinary practitioners and to assist manufacturers of test kits for M. avium subsp. paratuberculosis antibodies to improve kit quality and consistency.
Materials and methods
Laboratories. Five laboratories (1 through 5) with extensive experience in testing cattle sera for M. avium subsp. paratuberculosis antibodies using ELISA tests were recruited to participate in the study. Each of the laboratories agreed to implement the testing strategy as outlined below, record test results in a spreadsheet template, and submit the data periodically for compilation and analysis.
Samples. Serum samples from 3 cows were selected after testing with a commercial ELISA test a for M. avium subsp. paratuberculosis antibodies. One serum sample considered negative (NC), 1 positive (P), and 1 high positive (HP), were aliquoted and lyophilized. The lyophilized samples were easier to store and ship to the laboratories. Each participating laboratory received lyophilized aliquots of the same 3 serum samples. Laboratories were instructed to reconstitute the serum samples using either 2 ml (NC) or 1 ml (P and HP) of sterile distilled water and hold them at 4 C for 8 hr before use. Reconstituted samples were used for a maximum of 3 wk.
Sample testing procedures. All 3 serum samples were tested in duplicate on all ELISA plates when samples from clients were being tested and were placed in wells following the control sera supplied with the kits. Plates found to have invalid results based on manufacturer's recommended quality control parameters were not included in the analysis.
Data analysis. Each plate or each run was treated as a separate observation. For the purpose of graphing values across time when multiple plates or multiple runs were made within a laboratory on a single day, the average of the daily values was plotted. S/P ratios were calculated as:
where the OD is the optical density. In addition, modified S/P ratios were calculated as:
Descriptive statistics were calculated for the measured OD values as well as the calculated S/P and modified S/P ratios. Variance components were calculated for the S/P ratios. Four factors were considered as sources of variability in the S/P ratios: laboratory, kit lot, wells of the 96-well microtiter plate in which a particular sample was tested, and date of testing. The date factor represents day-to-day variability. The contribution of each of the factors to the overall variability in S/P ratios was estimated. b Ratios for the P and HP samples were analyzed separately. All factors were assumed to be random, and the well in a plate was nested within kit lot. Analysis results were not provided back to the laboratories until after the end of the study.
Results
Overall, 868 plates were used in the study. The plates represented 5 kit lots with kit lots A, B, C, D, and E contributing 319, 41, 223, 61, and 224 plates, respectively. Laboratory 1 used 3 kit lots for a total of 154 plates. The remaining laboratories (2 through 5) The mean difference between the positive and negative control (kit supplied) means was 0.509, with a minimum difference of 0.213 and a maximum difference of 0.895. There were 19 plates in which the separation between the mean negative control and mean positive control was less than 0.3 and an additional 117 plates in which the separation between the mean control values was 0.3 or greater but less than 0.4. The overall descriptive values for the samples are shown in Table 1 (OD values), Table 2 (S/P ratios), and Table 3 (Mod S/P ratios). Results were not obtained for all samples on all plates. In some cases, laboratories ran out of one or the other of the control sera. Of the 748 test results for the P sample (S/P ratio mean ϭ 0.47), 16 were below the cutpoint of 0.25 used to classify the sample as positive. These results occurred in 3 laboratories and in 3 kit lots. In only 2 cases was the value for both of the duplicates below the cutpoint. These results represented 2 kit lots. Figure 1 plots the S/P ratio of wells 1 and 2 for the P sample for 4 different kit lots over time for an example laboratory. Figure 2 plots the S/P ratio of well 1 versus well 2 for the 5 different kit lots for the P sample.
The CV for the S/P values across all plates was higher for both the P and the HP samples than the CV for the OD or the Mod S/P (Tables 1-3 ). For the P sample, the CVs for the OD values were intermediate between those of the S/P and the Mod S/P, whereas for the HP sample, the CVs for the both the OD and the Mod S/P were similar.
Multivariable modeling. Modeling the S/P ratio for the P sample showed that the largest amount of variation was attributed to the kit lot (37.5%), followed by random error (27.0%) and interlaboratory variation (18.3%) ( Table 4 ). Modeling the S/P ratio for the HP sample showed a somewhat different distribution for the sources of variation ( Table 5 ). The largest proportion of the variation was attributed to random (unexplained) error (55.0%) followed by date (21.4%) and laboratory (17.1%). To assess the impact of plates with a low degree of separation between the negative and positive control means, 2 additional analyses were conducted for the S/P ratios for the P samples (Table  6 ). In the first analysis, 19 plates in which the separation was less than 0.3 were not included and the percent contribution of the factors to the variance reassessed. This analysis was repeated once more, not including all plates with a separation of less than 0.4 (136 observations).
Discussion
Because the HP sample yielded very high readings, rarely seen in infected cattle, the inferences from this sample are unclear. Therefore, most of the emphasis from this study is on the P sample. The well-to-well variation within a laboratory across time was small. From Fig. 1 , it is apparent that the values for the P sample in the 2 wells tended to provide very similar results across time. However, substantial variation was observed across kit lots. This is confirmed in Fig. 2 , which shows the values for the 2 wells being plotted along the x-and y-axes. The values tend to lie near the theoretical optimal diagonal line, which would indicate a high degree of correlation. However, there is 1 . Example of S/P ratio of P sample for a laboratory using 4 different kit lots during the study. significant spread along the length of the diagonal line indicating that the range of values returned is fairly wide. Variation among kit lots is also seen in Fig. 2 . Coefficients of variation were unexpectedly lower when the Mod S/P value was used as compared with the adjustment made through calculation of S/P ratio. In general, the subtraction of the mean negative control value for the plate is intended to reduce the amount of variability in results, unless the negative control varies independent of the variation seen in the positive control and the sample results. A lower CV using the Mod S/P value suggests that adjusting test sample and positive control values by subtracting the mean negative control value may not be appropriate in the ELISA evaluated in this study particularly for samples with values close to the positive/negative cutoff point of the assay.
Small separations between the positive and negative control sera will affect the S/P ratio calculation. Separate analysis, after ignoring plates with less than 0.3 and 0.4 units of separation, did show differences in the amount each source of variation contributed to the total variation, but the kit lot and random error remained the 2 greatest sources of error. Notably, the elimination of plates in which the separation between positive and negative control ODs was less than 0.4 reduced the proportion of variation attributed to laboratory by more than half (from 18.3% to 7.9%). A number of studies have indicated that fluctuations in ELISA values are to be expected when testing different serum samples from an animal with time. 1, 7 The amount of antibody produced is closely associated with the level of fecal shedding, that is, ELISA values may only be detectable in later stages of M. avium subsp. paratuberculosis infection. Obviously, the variations in ELISA values that are associated with the immune response are not under the control of those conducting diagnostic tests. Therefore, strict attention must be given to reducing all controllable sources of variation including laboratory environment, technician capability, calibration of instruments, and consistency of assay reagents.
This study made use of lyophilized serum samples. Lyophilized samples were used to ease the process of shipment and storage given the long duration of the study. The reconstitution process in each laboratory could have contributed to the variation in results achieved. We attempted to minimize this source of variability by providing laboratories with guidelines for reconstitution and use of the reconstituted samples. Variation in the reconstitution process would most likely have been attributed to a source other than kit lot (e.g., laboratory, unexplained). If this did occur, the effect would likely have been to decrease the proportion of variation attributed to kit lot.
This study has characterized the variation in ELISA test results using commercially available kits from a single company. In addition, the study has estimated the proportion of observed variation in test results attributable to various sources. Unfortunately, data are lacking on the comparison of ELISA kits from various manufacturing sources for the detection of antibodies against this or other pathogens. Nonetheless, the data do suggest areas of further investigation and action to limit variation in ELISA results and provide veterinary practitioners and their clients with quality information for decision making. Finally, in addition to the efforts on the part of the manufacturers and the laboratories to reduce variation in all tests, efforts to document and quantify assay error should continue. Personnel engaged in disease control efforts should have access to and use this information in their design and risk analysis, as well as in client education efforts.
